Abstract: An automated multiaxial cyclic loading pressure testing rig was developed as an alternative to the existing short-term test procedure specified by ISO 14692 and ASTM D2992. Conventionally, 14 months are required to estimate the residual properties at the end of expected life (20-50 years). The test periods and costs associated with this longterm test are high. To resolve this, a novel rig was developed based on the ultimate elastic wall stress (UEWS) algorithm, allowing five multiaxial stress ratios to be tested. The test involved the cyclic pressurizing of the pipe with 1-min of pressure and 1-min of zero pressure. The test rig was tested under five stress ratios using glass-epoxy composite pipes with winding angles of [±45°] 
Introduction
The qualification of glass reinforced epoxy (GRE) pipes is governed by international standards ISO 14692-1:2002 [1] and ASTM D2992 [2] . The ISO 14692-1:2002 standard procedure is based on a regression-based technique using a long-term test, as shown in Figure 1 . The advantages of ISO 14692 are that it provides standardized principles, working methods, and clear guidance so that everyone involved in the industry has the same knowledge. The main advantage of this document is that it demonstrates the relationship between the properties of specific glass fibre reinforced plastics (GRP) products and the safety of installed pipe systems. In the qualification process, the specimen is loaded in a "closed end" condition where the generated hoop stress is double the generated axial stress. Typically, for a fibreglass pipe, both its cyclic and static behaviour exhibit a linear relationship between the logarithm of the applied pressure and the logarithm of the lifetime (in cycles or time), as shown in Figure 1 . For both constant pressure and cyclic loading, a minimum of 18 data points is required to establish an acceptable regression, with at least one sample providing a point in excess of 10,000 h and 15,000,000 cycles of internal pressure at 25 cycles/min, respectively.
This standard predicts the behaviour under pure internal pressure, allowing for the effects of axial load, as specified in the failure envelope shown in Figure 2 . However, while the present method employed to predict the lifetime of GRE pipes is acceptable, many manufacturers feel that the current procedure is too time-consuming and expensive. A single product qualification programme will take more than 1 year to complete, with no scope for error or premature failure. Such failures would require the product to be retested, and yet more valuable time would be wasted. Difficulties also arise when the tested pipes do not fail within the test period. The current practice considers the data from the un-failed specimens as failure points: however, this procedure may not be ideal since it gives a rather conservative estimate of the long-term behaviour of the pipe. Such uncertainty is not acceptable in such an expensive qualification programme. Therefore, although it is generally accepted that the procedure outlined by ASTM D2992 does provide some basic indication of the long-term durability of fibreglass pipes, the composite manufacturers require a more effective, yet reliable short-term test. Other combined loading conditions are also necessary to determine the long-term behaviour, which may provide a more realistic failure envelope.
Given the limitations of the existing test procedure, including the (time-wise) impossibility to execute this test as part of a commercial project for fibreglass piping, there is now an impetus to recognise the need for an improved, faster, and cheaper test procedure for the qualification of GRE pipes. direction, which strictly applies to pipes under internal pressure as reported by Hull et al. [3] and Grove [4] . Hence, for the winding angle, α, the direct stresses are given as: ere, σ H is the hoop stress, σ A is the axial stress, and α is the winding angle. Figure 3 illustrates a novel automated pressure test rig supporting multiaxial loading conditions. A portable workbench (Figure 3 ) accommodates the pipe specimen and accessories. The piston setup and the pressure intensifier were suitably arranged to achieve the five aforementioned stress ratios. The pipe specimen may deform in both axial and hoop directions and hence it is mounted on the table supported by rubber rings.
Materials and methods

Experimental design of cyclic loading pressure test rig
The two portable units of the test rig, control system and the valve connections are shown in Figures 4 and 5 , respectively. The control system consists of the touch panel computer TPC 2212 (National Instruments Corporation, Austin, TX, USA) supported by the compactRIO 9063 (National Instruments Corporation, Austin, TX, USA) and NI 9219 (National Instruments Corporation, Austin, TX, USA) and 9472 (National Instruments Corporation, Austin, TX, USA) modules.
The connections of the solenoid valves and pressure transducers in the portable unit ( Figure 4) according to the schematic of the automated portable multiaxial pressure test rig shown in Figure 6 .
The composite pipe specimens were fabricated with an internal diameter of 100 mm and a length of 1050 mm. The pipe was fabricated using glass fibre and reinforced with D.E.R 331 liquid epoxy resin using Jointmine 903-5s hardener. The finished pipes were cured at room temperature, followed by a post-curing process in an oven at 80°C for 3 h. The pipes were fabricated using a filament winding process with [±45°] 4 The cross-sectional view of the pipe specimen, along with its fittings, is shown in Figure 7 . The end caps and piston-like arrangement were customs fabricated according to the dimensions of the composite pipe, using stainless steel to seal the pressure inside the pipe, while subjected to testing. The end caps were sealed with O-rings to ensure that no leakage of pressure occurred during the test. Owing to internal pressure, the end fittings pushed outwards during testing. Serrated wedges and outer caps were fabricated and fitted along with end caps to restrict the outward movement of the end caps to provide a mechanical lock and to ensure safety.
Pressurization system and loading conditions
The portable unit shown in Figure 5 displays the valve and sensors connections using 0.125 mm stainless steel tubing. The flow of pressurized water is illustrated in a schematic drawing ( Figure 6 ). Water was pumped into the pipe with the assistance of an air-operated pump powered by compressed air. During the test, the input pressure was regulated by controlling the opening and closing of the normally closed high-pressure solenoid valves. Water from the tank was pumped inside the pipe while the inlet solenoid valve, S1, remained open until the required pressure was achieved. The pressurized water was released back into the tank by opening the vent solenoid valve, S2. By rearranging the piston and intensifier units, the five aforementioned stress ratios were achieved, as explained below.
2H:1A stress ratio (pure hydrostatic)
Two principal stresses, axial stress and hoop stress, are developed when the pipe is closed at two ends and subjected to internal pressure. The hoop stress, σ H , acting on the wall thickness is represented as:
The axial stress, σ A , is given by:
where D is the internal diameter, t is the wall thickness, and p is the fluid pressure within the pipe. The pipe is closed at the two ends using custom designed end fittings, and the pipe is internally pressurized during the test, thus attaining 2H:1A stress ratio.
1H:1A and 4H:1A stress ratio
The pipe is sectioned into chambers, denoted as P1 and P2, by installing the piston inside the pipe along with the end fittings. The piston inside the pipe was allowed to move, and it was sealed with a high-pressure performance O-ring.
Based on Pascal's principle, the ratio of P1:P2 was controlled using a pressure intensifier fabricated with a larger to smaller piston area ratio of 2:1. The ball valve, B1, connected to the pressure intensifier, remained open for these two loading conditions. To achieve the 1H:1A stress ratio, the P1 chamber was pressurized and the P2 chamber pressure was doubled because of the operation of the pressure intensifier. This condition generates an additional tensile axial stress on the pipe wall to create the 1H:1A loading. The pressure intensifier functions as a pressure reducer by reversing the direction. In this condition, the pressure applied to the P1 chamber was halved for the P2 chamber, producing the 4H:1A stress ratio.
1H:0A and 0H:1A stress ratio
The pure axial (0H:1A) loading condition was achieved by just pressurizing the P2 chamber, while the pure hoop (1H:0A) loading condition was achieved by just pressurizing the P1 chamber, allowing the piston head to move freely towards the end fittings.
Control and monitoring system for cyclic loading test
The The NI 9219 is a four-channel 100 S/s universal analog input module and accepts sensor input in terms of resistance, voltage, and current measurements. P-series polyester wire-type strain gauges (Tokyo Sokki Kenkyujo Co Ltd.
[TML] Japan) with a gauge factor of 2.12 and resistance of 120 Ω were used to measure the hoop and axial strains and were connected to channels 1 and 2 of NI 9219. The two long leads of the strain gauges were connected to the third and fifth pins of the channel. Standard industrial pressure transducers (PTI-S-NG5000-15AQ, Swagelok, Malaysia) with a 4 mA-20 mA current rating and a pressure capacity range of 0-5000 psi were connected to channels 3 and 4 of the NI 9219. The pressure transducer was connected to and was powered with a 24 V and 0.7 A external power supply. The NI 9472 is an eight channel, 100 μs sourcing digital output module. Each channel is compatible with signals of 6 V-30 V. Normally-closed high-pressure solenoid valves (Model: 20118, Rotex Ltd., India) with a range of 0-300 bar were connected to the NI 9472. The highpressure solenoid valves were powered with an external power supply of 24 V and 1.2 A. All the connections were embedded into the portable box, as shown in Figure 4. 
Test preparation
End caps sealed with O-rings were fitted into the pipe. Water was used to fill the pipe avoiding the formation of trapped air bubbles. A small portion at the centre of the pipe was scrubbed and cleaned with solvents, such as acetone, to remove any debris. To monitor the strain responses during the test, TML strain gauges were attached in the axial and hoop directions with RP-2 adhesive. Owing to the generated strain, the pipes may deform in transverse and circumferential directions. Hence, to ensure accurate strain measurements, the pipes were positioned in a free-free condition using the rubber rings. The height of the apparatus was also adjusted to provide satisfactory balance on the surface of the workbench. The pressure fittings were installed with the rest of the apparatus, as shown in the schematic diagram in Figure 3. 
LabVIEW interfaces and cyclic loading test
A LabVIEW program was designed based on the ultimate elastic wall stress (UEWS) cyclic loading test procedure. Cyclic pressure loading is achieved by controlling the high-pressure solenoid valves. The procedure used to open and close the solenoid valves for fixed cycles of time is explained in Figure 8 .
The maximum pressure used during testing was determined from literature. The test was arranged in terms of cycle groups. The pressure for the first cycle was set as 10% of the predicted maximum pressure and was increased by 10% for each successive cycle group until the pressure reached the maximum predicted pressure. The cycle groups were grouped into 10 cycles, where a cycle comprises 1-min of pressure and 1-min of zero pressure conditions. Usually, 10-12 cycle groups were planned during the test, depending on the maximum pressure. The cycles and cycle groups are represented in Figure 9 . The input pressure applied to the test was regulated to maintain uniformity throughout the test. The solenoid valves were driven by the LabVIEW program while the pressure and strain measurements were recorded. The test continued until weepage or leakage failure was observed on the pipe.
Stress-strain response
Once failure was observed, the test was stopped, and the specimen was removed for further analysis. The pipe is cut near to the strain gauges, and the average wall thickness of the pipe was measured at eight circumferential locations, according to ASTM D3567 [5] . From the recorded strain and pressure data, the stress-strain response was calculated by extracting the information for the hoop stress and axial strain. The hoop stress was given by: [6] .
where P is the pressure, ID sg is the inner diameter of the strain gauge, and TE sg is the reinforced wall at the location of the strain gauge.
First ply failure
The axial strain was considered for the axial-dominated loading conditions while the hoop strain was considered for the hoop-dominated loading conditions. Figure 10 represents the hoop and axial strain responses during the test. The axial strain values plotted against the corresponding hoop stress generated from the initial and final cycles in each cycle group are shown in Figure 11 . For the initial cycle groups, the differences between the initial and final strain values were negligible because of the elastic behaviour. However, at higher stress levels, the differences were more obvious when the cracks reached a critical stage, leading to pipe failure. The first ply failure (FPF), indicating the onset of damage to the pipes, was determined when the differences between the first and 10th cycle of a cycle group exceeded 5%, as shown in the equation below:
where, ε 1i is the maximum strain at the completion of the first cycle of cycle group i, and ε 10i is the maximum strain at the completion of the final cycle of cycle group i.
Results and discussion
The cyclic loading test to study the effects of winding angle was reported by the authors in their previous work [6] and the same is discussed here. The FPF points were Mertiny et al. [7] constructed a multiaxial testing machine and tested pipes with winding angles ±30°, ±45° and ±60°. Their test rig was based on ASTM D2992 standard and was capable of testing various stress ratios. Mertiny and Gold [8] investigated the leakage behaviour of the glass fibre reinforced epoxy tubular vessels. They developed a multiaxial testing apparatus. Three pressure loading rates: 0.46 kPa/s, 4.63 kPa/s and 46.3 kPa/s were applied and the corresponding strain data was recorded using strain gauges. They also recorded the fluid volume displaced from the pressure intensifier during each test. The authors reported that the hoop strains which were strongly linear in the initial stages, showed non-linearity towards the final leakage afflicted stages. The similarity is explained in Section 2.7 of this paper, where the stressstrain behaviour showed non-linearity at higher loading conditions referred to the FPF point.
Tarakcioglu and his co-workers [9, 10] and Samanci et al. [11, 12] reported a series of experimental fatigue analysis on GRE pipes in accordance with ASTM D2992. Uyaner et al. [13] conducted fatigue tests to measure the burst strength and fatigue life of the GRE pipes. They employed a 250 bar PLC controlled servo-hydraulic testing machine based on the specifications mentioned in ASTM D2992. Tarakcioglu et al. also reported the three stages: whitening, leakage and final failure as explained in the earlier part of this section.
Gemi et al. [14] conducted fatigue tests upon [±75°] E-glass/epoxy pipes. They tested the pipes under 30% and 70% ultimate tangential strength of the pipe. Gemi et al. [14] reported results on the progressive failure of the GRE pipes subjected to fatigue loading. The authors reported that when the cyclic experiment was conducted at lower load levels, it resulted in micro cracks formation, followed by leakage and then burst. by testing the composite pipes under static and cyclic loading tests. Pressure test rigs developed in the past were not portable, automated and rapid. This automated test rig serves five stress ratios, complying to the testing needs of the composite manufacturers with reduced testing time and cost. The differences between the conventional regressionbased procedure and the automated UEWS test procedure [18] [19] [20] [21] [22] [23] are tabulated in Table 2 . These differences demonstrate the significance of the automated test rig and the test procedure in terms of the testing period, cost, loading conditions, and failure envelope.
Conclusions
This paper details the development of an automated cyclic loading pressure testing rig as a possible alternative for the qualification of the long term behaviour of GRE composite pipes, as described in ASTM D2992. An automated test rig was implemented, which was capable of applying five different stress ratios, ranging from pure axial to pure hoop loading and controlled by the LabVIEW interface and accessories. The test period was reduced to 6 h for each test. GRE composite pipes with a length and diameter of 1 m and 100 mm, respectively, were fabricated with winding angles of [±45°] 4 , [±55°] 4 and [±63°] 4 and subsequently subjected to multiaxial cyclic loading tests. The failure envelopes based on the FPF calculated from the experimental results show the effect of the winding angles under different stress ratios. The differences between the conventional regression-based test procedure and the UEWS test procedure were compared; it was determined that the UEWS test procedure is a superior alternative for internal testing by manufacturers. Further improvements will be conducted on the test rig to estimate the online strain response.
